Androgen is important for the development and maintenance of the prostate and has an important role in the progression of prostate cancer (PrCa). Androgen receptor (AR) is an androgen-activated transcription factor belonging to the nuclear receptor superfamily. Dihydrotestosterone (DHT), a hormone with powerful androgenic actions, binds to the AR, induces the dissociation of AR from heat-shock proteins and activates AR contribution in transcriptional regulation.^[@bib1]^ The standard therapies for PrCa include androgen ablation, which initially causes tumor regression. However, 80--90% of the patients who receive androgen ablation therapy will eventually relapse and develop castration-resistant PrCa (CRPC). Recently, it has been proposed that ongoing steroidogenesis within prostate tumors and the maintenance of intratumoral androgens may contribute to castration-resistant growth.^[@bib2]^ However, the details of this mechanism remain largely unknown.

Depending on the mechanisms of the response to androgen and the absence or presence of the AR, the types of PrCa can be classified as follows: androgen dependent/AR dependent (androgen sensitive/AR positive), androgen dependent/AR independent (androgen sensitive/AR negative), androgen independent/AR dependent (androgen insensitive/AR positive) and androgen independent/AR independent (androgen insensitive/AR negative).^[@bib1]^ LNCaP, an AR-positive/sensitive PrCa cell line, and PC3, an AR-negative/insensitive PrCa cell line, express prostate-specific antigen (PSA) and serve as a model cell lines for the study of androgen-related PrCa. In addition, androgen-insensitive metastatic prostate tumors showed a sustained AR expression and the amplification of the AR gene was observed in 30% of metastatic prostate tumors after androgen ablation.^[@bib3],\ [@bib4]^ In contrast to LNCaP 104-S cells (an androgen-dependent clonal isolation of the LNCaP cell line), 104-R1 cells can proliferate in the absence of androgen and continue to express high levels of functional AR.^[@bib5]^

CCAAT/enhancer binding protein delta (CEBPD) is a member of the C/EBP family that acts as a transcription factor in tissue differentiation, metabolism and immune responses. CEBPD is expressed at a relatively low level under normal physiological conditions and is upregulated by a variety of extracellular stimuli, such as interleukin-6, lipopolysaccharide, interleukin-1 beta, tumor necrosis factor alpha, interferon-alpha and interferon-gamma. The overexpression of CEBPD can induce growth arrest and apoptosis in cancer cells.^[@bib6]^ Moreover, an increase in mammary tumor multiplicity was observed in *Cebpd*^*−/−*^*/HER2/neu* mice.^[@bib7]^ These results indicated that CEBPD may be a tumor suppressor. CEBPD has been reported to be activated in response to chemotherapeutic anticancer drugs.^[@bib8],\ [@bib9],\ [@bib10]^ Interestingly, it was recently suggested that CEBPD also acts as an oncogene under certain conditions such as hypoxia and inflammation.^[@bib7],\ [@bib11]^

Unlike the inflammatory-responsive transcription factors NF-κB and STAT3, which are consistently activated after tumorigenesis, the inactivation of CEBPD has been observed in many cancers, including breast cancer, liver cancer, cervical cancer and leukemia.^[@bib6],\ [@bib12],\ [@bib13],\ [@bib14]^ The inactivation of CEBPD also has been observed in PrCa.^[@bib10]^ E2F1 is significantly elevated in metastatic tissues from hormone-resistant PrCa.^[@bib15]^ The epigenetic regulators enhancer of zeste homolog 2 (EZH2) and suppressor of zeste 12 (SUZ12) are responsive to an increase in E2F1 levels.^[@bib16]^ EZH2 has been reported to be a H3K27 methyltransferase, and SUZ12 is essential for EZH2 histone methyltransferase activity.^[@bib17]^ A recent study suggested that SUZ12 and EZH2 can recruit DNA methyltransferases and attenuate *CEBPD* transcription via DNA and histone methylation.^[@bib6]^ However, the E2F1-mediated increases in SUZ12 and EZH2 regulate *CEBPD* silencing in PrCa and the potential for therapeutic applications of CEBPD activation in PrCa remains unknown.

Proteases contribute to cancer promotion and development by remodeling the extracellular matrix. PSA is a substance that is produced by the prostate gland. Elevated PSA levels may indicate either PrCa or a noncancerous condition such as prostatitis or an enlarged prostate. MMP-2 belongs to the gelatinase subfamily of the matrix metalloproteinases (MMPs) and, of note, has been identified as one of the key MMPs that are capable of degrading type-IV collagen, the major component of basement membranes. A significant activation of MMP2 has been observed in PrCa.^[@bib18],\ [@bib19]^

Cysteine-dependent aspartate-directed proteases (caspases) are a family of cysteine proteases that have vital roles in apoptosis, necrosis and inflammation. Granzyme B belongs to a member of the serine proteinase family and proteolytically cleaves proteins after aspartate residues. Multiple caspase proteins, including caspase 8 (CASP8) and caspase 3 (CASP3), serve as substrates for granzyme B.^[@bib20],\ [@bib21]^ CASP8 and CASP3 are activated in Fas-mediated cell death and CASP8 is essential for the activation of Bid, a proapoptotic molecule, to induce the release of cytochrome c from the mitochondria.^[@bib22],\ [@bib23]^ Most PrCas and PrCa cell lines are resistant to Fas ligand-mediated death because Fas is attenuated in androgen-independent or -sensitive PrCa cells.^[@bib24],\ [@bib25]^ The loss of Fas therefore abolishes the activation of its downstream apoptotic signaling including the activation of caspases in PrCa.

Results
=======

Androgen affects the progression of PrCa and the inactivation of CEBPD was observed in PrCa. To investigate the potential link between CEBPD and the effects of androgen, we first test whether androgen can affect *CEBPD* transcription through the AR in LNCaP and PC-3 cells. The levels of *CEBPD* mRNA and protein in LNCaP cells are higher than those in PC-3 cells ([Figure 1a](#fig1){ref-type="fig"}), suggesting that the transcription of the *CEBPD* gene may respond to androgen. A reverse transcription (RT)-PCR result showed that DHT can activate the expression of CEBPD in LNCaP cells but not in PC-3 cells ([Figure 1b](#fig1){ref-type="fig"}). This result indicated that CEBPD is an androgen-responsive gene and that the AR may be a potent regulator of *CEBPD* transcription. Various CEBPD reporters were used to assess whether androgen induces the transcription of *CEBPD* by activating the *CEBPD* gene promoter. These results indicated that the CEBPD reporter is responsive to DHT. The 5′-serial deletion of *CEBPD* reporters further indicated that the region between −1000 and −360-bp upstream of the transcription initiation site of the *CEBPD* gene contains an androgen-responsive region ([Figure 1c](#fig1){ref-type="fig"}). By using the TFsearch applet (<http://www.cbrc.jp/research/db/TFSEARCH.html>), a potent AR-binding motif (5′-CCGCTGTCC-3′) was predicted to be located in the region of −1000 to −360 bp. Next, an *in vivo* DNA-binding assay showed that AR was responsive to DHT and directly bound to the *CEBPD* promoter region containing the AR binding motif ([Figure 1d](#fig1){ref-type="fig"}).

It has been suggested that the metastasis of PrCas is associated with the AR status and signaling compensation in response to androgen.^[@bib26],\ [@bib27]^ Epigenetic regulation has a functional role in attenuating the activation of the *CEBPD* promoter in response to external stimuli.^[@bib6]^ The expression of E2F1, SUZ12 and EZH2 is associated with the loss of the AR in PC-3 cells ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). Except for the loss of AR regulation, this observation raised speculation that the epigenetic regulation of the E2F1-associated induction of SUZ12/EZH2 may provide another potent regulatory mechanism of *CEBPD* silencing in AR-deficient or androgen-insensitive PrCa cells.

In clinical samples, from the GSE3325 data set in the public transcriptome, we found that the transcript levels of *E2F1* (log2 ratio up to 1.5339, *P*\<0.0001), *EZH2* (log2 ratio up to 3.7454, *P*\<0.0001) and *SUZ12* (log2 ratio up to 2.8809, *P*\<0.0001) were significantly upregulated and *CEBPD* (log2 ratio up to --1.5702, *P*\<0.0001) was significantly downregulated in metastatic PrCa ([Supplementary Table S1](#sup1){ref-type="supplementary-material"} and [Figure 2a](#fig2){ref-type="fig"}). Notably, the expression of CEBPD was negatively associated with the expression of E2F1, EZH2 and SUZ12 (all *P*\<0.0001). As shown in [Tables 1](#tbl1){ref-type="table"} and [2](#tbl2){ref-type="table"} and [Figures 2b and c](#fig2){ref-type="fig"}, the expression of E2F1, EZH2 and SUZ12 showed stepwise escalation in localized PrCa from low to high stages compared with non-tumor prostate tissue; the expression of CEBPD was significantly downregulated. More importantly, CRPCs also demonstrated significantly elevated levels of E2F1, EZH2 and SUZ12 and decreased CEBPD expression. Furthermore, the negative associations between CEBPD and E2F1, EZH2 and SUZ12 expression levels were further confirmed ([Figure 2d](#fig2){ref-type="fig"}).

Increased AR or androgen-insensitive PrCa are commonly observed upon the transition from a hormone-sensitive to a hormone-refractory stage in clinical specimens. LNCaP 104-S cells (AR positive/androgen sensitive) and 104-R1 (AR positive/androgen insensitive) are part of a system established from a relapsed androgen/ablation-resistant PrCa cell that mimics this clinical situation.^[@bib5]^ CEBPD was attenuated in LNCaP 104-R1 cells, although the AR is sustained; this is in contrast with LNCaP 104-S cells ([Figure 3a](#fig3){ref-type="fig"}). The silencing of CEBPD was proposed to be through the coupled action of histone and DNA methylation in cervical cancer.^[@bib6]^ We next tested the effect of these epigenetic changes on CEBPD expression in LNCaP 104-S and 104-R1 cells. In LNCaP 104-R1 cells but not LNCaP 104-S cells, higher levels of E2F1, SUZ12, EZH2 and trimethylated lysine 27 histone 3 were observed; this was inversely correlated with the attenuated CEBPD level ([Figure 3b](#fig3){ref-type="fig"} and [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). Meanwhile, three major DNA methyltransferases, DNMT1, DNMT3a and DNMT3b, involved in the hypermethylation of gene promoters in tumorigenesis had no changes between LNCaP 104-S and 104-R1 cells ([Figure 3b](#fig3){ref-type="fig"}). Unexpectedly, treatment of the cells with the DNA methylation inhibitor 5-AzadC did not reverse the CEBPD transcription in LNCaP 104-R1 cells ([Figure 3c](#fig3){ref-type="fig"}). The result suggested that the DNA methylation mediated by the inactivation of CEBPD does not occur in this androgen ablation-resistant PrCa cell system. The result of RT-PCR assay showed that DZNep, an EZH2 inhibitor, could reverse the inducibility of *CEBPD* transcripts in LNCaP 104-S1 and -R1 cells ([Figure 3d](#fig3){ref-type="fig"}). This suggested that the EZH2-mediated histone methylation contributed to LNCaP 104-R1 and LNCaP 104-S1 cells. Importantly, the DZNep treatment showed a more significant effect on reversing the inducibility of *CEBPD* in response to DHT ([Figure 3d](#fig3){ref-type="fig"}, comparing lanes 5 and 6 to lane 4 and lanes 11 and 12 to lane 10). Furthermore, a reporter assay showed that the increases in SUZ12 and EZH2 levels attenuated the DHT-induced *CEBPD* reporter activity ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Taken together, these results suggested that a unique involvement of histone methylation on *CEBPD* silencing in LNCaP-R1 cells.

CEBPD has been reported to be a tumor suppressor and the activation of CEBPD contributes to the induction of apoptosis in PrCa.^[@bib10]^ However, the detailed mechanism of CEBPD-mediated apoptosis remains uninvestigated in PrCa. A cell death assay showed that the overexpression of CEBPD in LNCaP and PC-3 cells can induce apoptosis and in their individual CEBPD-inducible cell lines, LNCaP\#1 and PC-3\#1 ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). CASP8 is a death receptor-associated initiator caspase. We found that the transcription of *CASP8* but not *CASP3* was activated by CEBPD in PC-3 cells ([Figure 4a](#fig4){ref-type="fig"}). Furthermore, both procaspase 8 and procaspase 3 proteins were induced after CEBPD induction in LNCaP\#1 and PC3\#1 cells ([Figure 4b](#fig4){ref-type="fig"}). Exogenous CEBPD had no effect on *CASP3* reporter activity ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}), but the *CASP8* reporter was responsive to CEBPD induction. A marked reduction was observed in pCASP8-II (−934/+57) and pCASP8-III (−686/+57) ([Figure 4c](#fig4){ref-type="fig"}). This result suggested that the region between −934 and −686 of the *CASP8* promoter contains a potent CEBPD-responsive region. The ChIP results showed that CEBPD can directly bind to the *CASP8* promoter region ([Figure 4d](#fig4){ref-type="fig"}).

In previous work and this study, we showed that epigenetic effects could attenuate CEBPD activation. Insufficient CEBPD activation will consequently reduce the downstream procaspase levels. To escaping and avoiding these epigenetic and nonspecific effects, a strategy of peptide prodrug was applied to test the death-promoting effect of CEBPD in cancer cells. Perforin (PF) is a pore-forming protein that can assemble into barrel-shaped pores within the cell membrane. These pores have been used for the delivery of toxic compounds or certain proteins into the cells.^[@bib28],\ [@bib29]^ To develop a more efficient strategy for using the PF-based delivery system to induce death of PrCa cells, we proposed that the combination of increases of procaspase 8 and granzyme B expression levels could enhance the apoptosis cascade for cancer therapy ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}).

Prodrugs are substances that are administered in an inactive form, which are subsequently metabolized *in vivo* into the active compound.^[@bib30]^ PF and full-length CEBPD or granzyme B are linked by peptide substrates of PSA or MMP2 to construct PSA-CEBPD (PSA-CD), MMP2-CEBPD (MMP2-CD), PSA-granzyme B (PSA-GB) and MMP2-granzyme B (MMP2-GB) expression vectors for producing secretary prodrugs ([Figure 5a](#fig5){ref-type="fig"}). The conditioned media from stable Balb/3T3 cells with the above individual expression vectors were harvested to examine the expression levels of these PSA- or MMP2-specific fusion proteins. Western blotting showed that these peptide prodrugs were detectable in the conditioned media ([Figure 5b](#fig5){ref-type="fig"}).

Before further testing the effect of conditioned media on inducing apoptosis of PrCa cells, PSA-specific fusion proteins were assessed using a cytotoxicity assay in LNCaP (PSA-expressed and MMP2 positive) and PC-3 (PSA-deficient and MMP2 positive) cells. Both PSA-CD and PSA-GB showed a significantly high toxicity in a dose-dependent manner in LNCaP cells ([Supplementary Figure S6A](#sup1){ref-type="supplementary-material"}) but not in PC-3 cells. The cytotoxicity assays also showed that both LNCaP and PC-3 cells are sensitive in a dose-dependent manner to the treatment with MMP2-CD and MMP2-GB, respectively ([Supplementary Figure S6B](#sup1){ref-type="supplementary-material"}). Next, to assess the combination effects of the CEBPD and granzyme B prodrugs in PrCa cells, caspase activation and the cytotoxicity were measured. Briefly, the combination of PSA-CD and PSA-GB showed an additive effect on CASP8 and CASP3/7 activities when compared with PSA-CD and PSA-GB alone in LNCaP cells ([Figure 5c](#fig5){ref-type="fig"}, left two panels). In addition, we tested the effects of MMP2-CD and MMP2-GB on the caspase activities of PC-3 cells; the combination of MMP2-CD and MMP2-GB also showed an additive effect on CASP8 and CASP3/7 activities when compared with MMP2-CD and MMP2-GB alone ([Figure 5c](#fig5){ref-type="fig"}, right two panels). LNCaP cells were treated with PSA-CD and/or PSA-GB and PC-3 cells were treated with MMP2-CD and/or MMP2-GB. We further assessed the combination of the CEBPD and granzyme B prodrugs on the cytotoxicity effect of PrCa cells. LNCaP cells that were treated with PSA-CD and PSA-GB alone and the two drugs in combination showed individual viabilities of 48.7%, 59.6% and 14.2%, respectively ([Figure 5d,](#fig5){ref-type="fig"} upper panel). Moreover, the cell viability of LNCaP cells that were treated with MMP2-CD and MMP2-GB alone and in combination showed individual viabilities of 73.4%, 76.5% and 49.7%, respectively ([Figure 5d,](#fig5){ref-type="fig"} bottom panel). These results were consistent with the hypothesis that the combination of CEBPD- and granzyme B-based PF prodrugs can enhance the death of PrCa cells through the augmentation of caspase activation signaling pathway.

Discussion
==========

CEBPD is low in most cell types and tissues, but it is rapidly induced by several stimulators, as described above. In this study, we further demonstrated that CEBPD is an androgen-responsive gene. Our previous work showed that cAMP response element-binding protein (CREB) has a vital role in *CEBPD* gene activation.^[@bib8],\ [@bib31]^ The transcription cofactor p300 and CREB-binding protein (CBP) are ubiquitously expressed proteins that were demonstrated to interact with CREB and AR and cooperatively function in the transcriptional regulation of their downstream targeted genes.^[@bib32]^ A study showed that AR can induce the phosphorylation and transcriptional activity of CREB.^[@bib33]^ In addition, it was proposed that AR participates in the proliferation of prostate epithelial cells.^[@bib34]^ The observation that CEBPD is an androgen-responsive gene and remains expressed in androgen-dependent LNCaP cells raised some issues, such as the participation of CEBPD in androgen-mediated cellular responses, including proliferation and differentiation and the potential role that CEBPD may have as an oncogene in an AR-responsive environment, which may be worthy of further investigation.

The forced overexpression of CEBPD induces growth arrest and apoptosis in cancer cells.^[@bib6],\ [@bib8]^ Interestingly, our recent results suggested that the level of CEBPD has a dual role in determining long-term TNF*α*-induced tumorigenic transformation.^[@bib11]^ In this study, DHT does not markedly affect the activation of CEBPD reporter activity, implying that a compromised molecule or signaling is established to support CEBPD existence in the AR-positive or androgen-insensitive environments. The dysregulation of cell cycle regulator E2F1 has been observed in many cancers. An increase of E2F1 has been demonstrated in PrCa cell lines and clinical hormone-refractory PrCa specimens,^[@bib15]^ although an explanation for the increase of E2F1 in PrCa remains elusive. A study showed that the loss of Rb was predominantly associated with the transition to the incurable castration-resistant state.^[@bib35]^ Interestingly, one result showed that the level of E2F1 is increased in Rb-negative PrCa cells, suggesting that Rb may be involved in the regulation of E2F1 levels in PrCa. E2F1 was shown to act as a negative regulator in *AR* transcription and be inversely correlated with AR expression in PrCa cells;^[@bib15]^ therefore, E2F1 may contribute to the progression of hormone-independent PrCa. In this study, our results showed that higher levels of SUZ12 and EZH2, known E2F1 downstream targets, were observed in LNCaP 104S cell ([Figure 3c](#fig3){ref-type="fig"}). 5-AzadC can activate *CEBPD* transcripts in PC3 cells. Meanwhile, DZNep can reverse the inducibility of *CEBPD* by DHT in both PC3 and 104-R1 cells. These results indicated the complexity of epigenetic effects on CEBPD activation in PrCa cells and suggested that there may be a potent anticancer application of DZNep in certain histone methylation-mediated CEBPD silenced cancers. Furthermore, comparing LNCaP 104-S and 104-R1 cells and contrasting those results with those obtained from cervical cancers, we provided a novel discovery that the DNA- and histone-mediated epigenetic regulation of *CEBPD* transcriptional attenuation can occur in a cell type- or tissue-dependent manner.

CASP8 can induce apoptosis through the activations of CASP3 and intrinsic (mitochondria-mediated) pathway in LNCaP and PC-3 cells.^[@bib36],\ [@bib37]^ Furthermore, we assessed the involvements of CASP3 activity and mitochondria-mediated pathway in response to CASP8 in our system. The active form of CASP3 and tBid and the release of cytochrome c were responsive to the induction of CEBPD but attenuated in the treatment of specific CASP8 inhibitor (Z-IETD) in LNCaP and PC-3 cells ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}). Notably, a study suggested that the cytoplasmic cytochrome c can further activate CASP3 in LNCaP and PC-3 cells.^[@bib38]^ The results suggest that the activations of CASP3 and mitochondria-mediated pathway are involved in CEBPD-induced apoptosis in LNCaP and PC-3 cells ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}).

CASP8 protein and mRNA levels are upregulated through the direct binding of CEBPD to the promoter of *CASP8* gene. Interestingly, the increase of procaspase-3 protein was unlinked to its transcription when induced by CEBPD ([Figures 4a and b](#fig4){ref-type="fig"} and [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). These results implied that the increase of procaspase 3 could be through a CEBPD-mediated translational regulation. Procaspase 3 was proposed to be a potent substrate of SAG/ROC-SCF*β*-TrCP E3 Ub ligase, which protects cells from apoptosis by reducing the basal level of procaspase 3.^[@bib39]^ In addition, the protein F-box/WD repeat-containing protein 7 (Fbxw7) belongs to the F-box protein family and functions as a receptor subunit for SCF (Skp1/Cullin/F-box protein) E3 ubiquitin ligases. The absence of Fbxw7 causes CASP3 activation and increased cell death.^[@bib40],\ [@bib41]^ Moreover, increases in CEBPD can result in a decrease of FBXW7.^[@bib7]^ Our preliminary results showed that the decrease of *FBXW7* mRNA and the increase of procaspase 3 are associated with the increase of CEBPD ([Figure 4b](#fig4){ref-type="fig"} and [Supplementary Figure S8A](#sup1){ref-type="supplementary-material"}). Moreover, the knockdown of FBXW7 showed an increase of procaspase 3 in PC-3 cells ([Supplementary Figure S8B](#sup1){ref-type="supplementary-material"}). This implied that FBXW7 may mediate the CEBPD-dependent induction of procaspase 3 increase through a post-translational regulation. These observations also implied that the SCF E3 ubiquitin ligases may be another pathway to regulate caspase-3 activity that can be investigated in the future.

As discussed above, the inactivation of CEBPD has been observed in many cancers; this raises several questions, including whether the activation of CEBPD can result in cancer inhibition and how its full activation could be achieved in cancer cells. As mentioned above, several well-characterized drugs that cause differentiation or induce apoptosis can increase the expression of CEBPD. We recently reported that CEBPD contributes to the induction of apoptosis in cancer cells through a mechanism involving the pharmacologic effects of the anti-cancer compound 1-(2-hydroxy-5- methylphenyl)-3-phenyl-1, 3-propanedione (HMDB).^[@bib8]^ Several protease substrate drugs have been reported to inhibit the growth of several cancer types. For example, the PSA peptide-substrate conjugated with Doxorubicin^[@bib42]^ or 5-flupredeoxyuridine^[@bib43]^ were synthesized to generate cell-impermeable prodrugs that can be activated by PSA and become cell permeable to kill the PSA overexpressing cancer. Similar results were shown in the MMP2 prodrug.^[@bib44],\ [@bib45]^ However, the use of a peptide-fused prodrug designed for a target therapy in cancer remains less studied. In addition to PSA, peptidase MMP2 has been suggested to participate in the development and metastasis of PrCa.^[@bib46],\ [@bib47]^ However, some PrCas express low or no detectable PSA.^[@bib48]^ Our current results showed that the PSA- and MMP2-based prodrugs are applicable for the therapy of PSA-positive and PSA-negative PrCa, respectively.

Standard antiproliferative chemotherapeutic agents become inefficient against androgen-independent PrCas because the activation of tumor suppressors is not efficiently induced if their promoters are hypermethylated. In addition, as mentioned above, most PrCa cell lines are resistant to Fas-mediated death because Fas is attenuated in AR-independent PrCa cells. Our results successfully showed that an ideal methodology for inducing a heightened apoptotic response in cancer cells by combining CEBPD and granzyme B prodrugs. This strategy can avoid the aforementioned limitations, including (I) the level of death receptor, which is always attenuated or mutated in AR-independent PrCa; (II) the toxicity of chemotherapy anticancer drugs and (III) the complexity of epigenetic effects on the activation of tumor suppressors, such as CEBPD in PrCa.

Materials and Methods
=====================

Cell culture and treatments
---------------------------

The mouse embryonic fibroblast cell line Balb/3T3, the human prostate adenocarcinoma cell line LNCaP and the human PrCa cell line PC-3 were maintained in Dulbecco\'s modified Eagle\'s medium (DMEM, Sigma, St. Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS). LNCaP 104S (AR positive/androgen sensitive) and LNCaP 104R1 (AR positive/androgen insensitive) cells were established, as previously described.^[@bib5]^ LNCaP 104S was maintained in DMEM supplemented with 10% FBS and 1 nM DHT and LNCaP 104R1 was maintained in DMEM supplemented with 10% dextran-coated charcoal-treated FBS. When the cells were 70% confluent, 5-AzadC (10 *μ*M) or DZNep (1 *μ*M) was subsequently added to the cells for the designated times. The cells used in all experiments related to 10 nM DHT treatment were maintained under androgen-deprived conditions with complete medium plus dextran-coated charcoal-treated FBS for 24 h.

Reverse transcription-PCR
-------------------------

The isolated RNAs were subjected to RT reactions using SuperScript III (Invitrogen, Carlsbad, CA, USA) for cDNA synthesis. The PCR analysis was performed with the pairs of specific primers as follows:

CEBPD, 5′-AGCGCAACAACATCGCCGTG-3′ and 5′-GTCGGGTCTGAGGTATGGGTC-3′ CASP8, 5′-CACGTATGGTGGCTCATGTC-3′ and 5′-TTCTGTCACCCAAGCTTGAG-3′ CASP3, 5′-AGGTATCCATGGAGAACACTG-3′ and 5′-ACCAGACCGAGATGTCATTCC-3′ and GAPDH, 5′-CCATCACCATCTTCCAGGAG-3\' and 5′-CCTGCTTCACCACCTTCTTG-3′.

Western blotting
----------------

The experimental cells were harvested and lysed in RIPA buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 0.25% sodium deoxycholate, 1 mM DTT, 10 mM sodium fluoride, 1 mM phenylmethylsulfonyl fluoride, aprotinin 1 *μ*g/ml, leupeptin 1 *μ*g/ml and 1 mM Na~3~VO~4~). The proteins were separated by SDS-PAGE, transferred to PVDF membranes and probed with specific antibodies as follows: AR (pg-21, Millipore, Billerica, MA, USA), CEBPD (SC-636, Santa Cruz, Dallas, TX, USA), DNMT1 (IMG-261A, IMGENEX, San Diego, CA, USA), DNMT3A (IMG-268A, IMGENEX), DNMT3B (IMG-184A, IMGENEX), E2F1 (SC-193, Santa Cruz), EZH2 (07-400, Upstate, Billerica, MA, USA), HA (MMS-101R, COVACE, Princeton, NJ, USA), H3K27 trimethylation, (07-449, Upstate), myc (SC-40, Santa Cruz), CASP8 (RB-1200, Thermo Scientific, Pittsburgh, PA, USA), CASP3 (9661, Cell Signaling Technology, Danvers, MA, USA), SUZ12 (07-379, Upstate), tBid (2002, Cell Signaling Technology) and *α*-tubulin (T6199, Sigma). Mitochondrial protein and cytosolic protein were isolated using the Cytochrome c Releasing Apoptosis Assay kit according to the manufacturer\'s instructions (K257-100, BioVison, San Francisco, CA, USA).

Analysis of published transcriptome data set
--------------------------------------------

To evaluate the transcript levels of *E2F1*, *EZH2*, *SUZ12* and *CEBPD* in PrCa and the association between these genes and PrCa progression, we analyzed one public transcriptome data set of metastatic PrCa samples (*n*=6) *versus* localized PrCa samples (*n*=7). The expression profiling data sets were deposited in Gene Expression Omnibus under the accession number GSE3325. The raw CEL files from the (Affymetrix, Santa Clara, CA, USA) HUMAN Genome U133 Plus 2.0 microarray platform were imported into Nexus Expression 3 software (BioDiscovery, Hawthorne, CA, USA) to analyze all probe sets without pre-selection or filtering.

Patients and tumor specimens
----------------------------

The institutional review board of the Chi-Mei Medical Center approved the procurement of PrCa formalin-fixed tissue for this study (IRB10210002). For the immunohistochemical comparison of primary localized PrCa and adjacent non-tumor tissue, 80 PrCa patients with available paraffin-embedded tissue blocks were retrieved from the archive of the Chi-Mei Medical Center. To further explore the changes in expression alterations of target proteins, 15 pairs of primary PrCa and CRPC were enrolled.

Immunohistochemical staining and assessment
-------------------------------------------

Tissue sections were cut from paraffin-embedded blocks with a thickness of 3 *μ*m. Slides were deparaffinized with xylene, rehydrated with ethanol and heated by microwave treatment in a 10 mM citrate buffer (pH 6) to retrieve the antigen epitopes for 7 min. Endogenous peroxidase was quenched by the treatment with 3% H~2~O~2~. The slides were washed with Tris-buffered saline for 15 min and then incubated with a primary monoclonal antibody against E2F1, EZH2, SUZ12 or CEBPD. The immunoexpression was scored using H-score. The H-score was calculated using the following equation: H-score = ∑ Pi\*(*i* + 1), where *i* is the intensity score (which ranged 0--4) and Pi is the percentage of stained tumor cells with each intensity score (which ranged from 0 to 100%). The resulting score ranged from 100 to 500; a score of 100 indicates that 100% of the tumor cells were negative (0) and a score of 500 indicates that 100% of the tumor cells were strongly stained (4+).

Plasmid transfection and reporter gene assay
--------------------------------------------

The indicated cells were transfected with plasmids using the Turbofect transfection reagent according to the manufacturer\'s instructions. Transfectants were cultured in medium as described above with or without treatments and harvested at the indicated time. The luciferase activity of the transfectants was measured using the Luciferase Assay System (Promega, Madison, WI, USA) according to the manufacturer\'s instructions.

Chromatin immunoprecipitation
-----------------------------

The ChIP assay^[@bib49]^ was carried out essentially as described by Wang *et al.*^[@bib50]^ Briefly, cells were treated with 1% formaldehyde for 15 min. The cross-linked chromatin was then prepared and sonicated to an average size of 300--500 bp. DNA fragments were immunoprecipitated with antibodies that were specific for HA, CEBPD or control immunoglobulin G at 4 °C overnight. The cross-linking was reversed and the immunoprecipitated chromatin was amplified using primers corresponding to specific regions in the *CEBPD* genomic locus. The ChIP primers for the *CEBPD* promoter were as follows: 5′-CATCTGCTCTGCTTTTGGCGACA-3′ and 5′- TGGGACCAGATGCGGGAAGAG-3′. The ChIP primers for the *CASP8* promoter were as follows: 5′-GGACTTGGAGCTCAGATGCAACAC-3′ and 5′- CTCAGTGCCTTCCTCGGCTCATTC-3′.

Flow cytometry analysis
-----------------------

Metallothionein-inducible CEBPD PC-3 and LNCaP cells were treated with 100 *μ*M ZnSO~4~ for 24 h. The cells were suspended in PBS and fixed in ice-cold 100% ethanol at 20 °C. Later, the cell pellets were collected by centrifugation and resuspended in propidium iodide (PI) solution (0.1% Triton X-100 in PBS, 0.2 mg/ml of RNase A and 20 mg/ml of PI) at room temperature for 1 h. The fluorescence emitted from the PI-DNA complexes was measured after excitation of the fluorescent dye by FACScan cytometry (BD Biosciences, Franklin Lakes, NJ, USA).

Generation of protease-specific prodrugs
----------------------------------------

Individual coding DNA fragments, including PF (1--515 amino acids), peptide substrate of PSA (GPLGVR), peptide substrate of MMP-2 (HSSKLQ), a granzyme B cDNA and a CEBPD cDNA, were cloned into a pLHCX vector. Later, the expression vectors were co-transfected with pVSVG expression vector into GP2-293 cells (Clontech, Mountain View, CA, USA) to produce recombinant retroviral particles for the infection of 3T3 cells and to generate stable cell lines expressing PSA-specific fusion proteins or MMP-specific fusion proteins.

CASP3 and CASP8 activity assay and cell proliferation assays
------------------------------------------------------------

A total of 1 × 10^4^ LNCaP or PC-3 cells were treated with conditioned medium with secreted PSA or MMP-specific fusion proteins or control mock in triplicate and then incubated at 37 °C for 8 h. Later, the experimental cells were analyzed using the caspase-Glo 3/7 or caspase-Glo 8 reagents (Promega) according to the manufacturer\'s instructions. For the proliferation assay, the experimental cells were analyzed using a CCK-8 kit (Sigma) following to the manufacturer\'s instructions.

Statistical analysis
--------------------

Statistical significance of differences between mean values was estimated using the InStat software (version 3.0; GraphPad Software, La Jolla, CA, USA) using the independent Student\'s *t*-test for unequal variances. *P*-values of \<0.05 were considered to be statistically significant.
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PrCa

:   prostate cancer

CEBPD

:   CCAAT/enhancer binding protein delta

AR

:   androgen receptor

SUZ12

:   suppressor of Zeste 12

EZH2

:   enhancer of zeste homolog 2

CASP8

:   caspase 8

CASP3

:   caspase 3

tBID

:   truncated BH3 interacting domain death agonist

DHT

:   dihydrotestosterone

CRPC

:   castration-resistant PrCa

PSA

:   prostate-specific antigen

MMPs

:   matrix metalloproteinases

Caspases

:   cysteine-dependent aspartate-directed proteases

FasL

:   fas ligand

PI

:   propidium iodide

PF

:   perforin

CREB

:   cAMP response element binding protein

Fbxw7

:   F-box/WD repeat--containing protein 7

SCF

:   Skp1/Cullin/F-box protein
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![CEBPD is an androgen-responsive gene. (**a**) The level of CEBPD is associated with the abundance of the AR. RT-PCR analysis and a western blot were conducted to detect the expression of CEBPD and AR, as indicated in LNCaP and PC-3 cells in DMEM supplemented with FBS (without charcoal treatment). (**b**) DHT stimulates the expression of CEBPD in LNCaP cells but not in PC-3 cells. RT-PCR analysis and western blot were conducted to detect the expression of CEBPD and AR at the indicated time. The LNCaP and PC-3 cells were cultured in DMEM supplemented with charcoal-treated FBS. (**c**) DHT activates the activity of a *CEBPD* reporter in LNCaP cells. LNCaP cells were transfected with the reporter pGL2-Basic vector carrying fragments of the *CEBPD* promoter (−1720 to +18 bp, −1000 to +18 bp or −360 to +18 bp). After 16 h of transfection, the transfectants were treated with 10 nM DHT for 6 h and the cell lysates were harvested for luciferase assay. Columns, the average of three independent experiments in duplicate measurements; bars, mean±S.D. (\*\**P*\<0.01, NS: no significance; Student\'s *t*-test). (**d**) The AR binds to the *CEBPD* promoter *in vivo*. A ChIP assay was conducted with the chromatin of LNCaP cells after 4 h of treatment with 10 nM DHT. The chromatin of experimental cells was separately immunoprecipitated with control or anti-AR antibodies. The precipitated DNA was then purified and amplified by PCR with the −802 and −567 primers targeting the *CEBPD* gene locus as indicated. Numbers below the images are the levels normalized to GAPDH (mRNA) or *α*-tubulin (protein)](cddis2014106f1){#fig1}

![The abundance of CEBPD is negatively associated with the levels of E2F1, EZH2 and SUZ12 in PrCa specimens. (**a**) By analyzing a published transcriptome data set of metastatic *versus* localized PrCa samples, *E2F1, EZH2 and SUZ12* are significantly upregulated, whereas *CEBPD* is downregulated in metastatic lesions. Notably, the level of *CEBPD* transcript is negatively associated with the levels of *E2F1, EZH* and *SUZ12*. Primary localized PrCa (blue lines) and metastatic PrCa (brown lines) tissue specimens are indicated on top of the heat map and the relative expression levels of the upregulated and downregulated genes were expressed in the brightness of the red and green colors, respectively, with those genes with unaltered in mRNA expression being colored black. An immunohistochemical study (**b**) with the statistical analysis (**c**) of E2F1, EZH2, SUZ12 and CEBPD in representative non-neoplastic prostate tissue (left panel), localized (middle) and metastatic prostate carcinomas shows stepwise increases in E2F1, EZH2 and SUZ12 levels as well as a stepwise downregulation of CEBPD. Furthermore, the positive associations between E2F1, EZH2 and SUZ12 expression levels and their negative association with the CEBPD expression level are also illustrated (**d**)](cddis2014106f2){#fig2}

![The SUZ12/EZH2-associated histone K27 tri-methylation attenuates DHT-induced CEBPD transcription in PrCa cells. (**a**) The expression of CEBPD and AR in LNCaP 104-S and 104-R1 cells. RT-PCR and western blot assays were conducted to detect the expression of CEBPD and AR. The LNCaP 104-S (androgen sensitive) and 104-R1 (androgen insensitive) cells were cultured in DMEM supplemented with FBS without charcoal treatment. (**b**) The endogenous EZH2, E2F1, SUZ12, DNMT1, DNMT3a, DNMT3b and H3K27me3 expression in LNCaP 104-S and 104-R1 cells. Western blot assays were conducted to detect the expression of protein levels. The LNCaP 104-S (androgen sensitive) and 104-R1 (androgen insensitive) cells were cultured in DMEM supplemented with charcoal-treated FBS. (**c**) The DNA methyltransferase inhibitor 5-AzadC does not reverse the transcription of CEBPD in LNCaP 104-R1 cells. RT-PCR and western blot assays were conducted to detect the expression of CEBPD in response to 5-AzadC in LNCaP 104-S or 104-R1 cells. Two independent experiments were conducted and showed a similar pattern. (**d**) DHT-stimulated *CEBPD* transcription was enhanced in cells that were treated with the histone methyltransferase inhibitor DZNep. LNCaP 104S and 104-R1 cells incubated with 1 *μ*M DZNep. After 18 h of treatment, cells were treated with 10 nM DHT and the cell lysates were harvested at the indicated time to perform RT-PCR with specific primers. Three independent experiments were conducted and statistically plotted. Columns, the average of three independent measurements; bars, mean±S.D. (\*\**P*\<0.01; Student\'s *t*-test). Numbers below the images are the levels normalized to GAPDH (mRNA) or *α*-tubulin (protein)](cddis2014106f3){#fig3}

![CEBPD activates the transcription of *CASP8* but not *CASP3* in PrCa cells. (**a**) CEBPD activates the transcription of *CASP8* but not *CASP3*. An RT-PCR assay was conducted using total RNAs harvested from transfectants with CEBPD or control expression vectors in PC-3 cells. Numbers below the images are the levels normalized to the *GAPDH* mRNA. (**b**) CEBPD induces the protein levels of procaspase 8 and procaspase 3 and their activations in LNCaP and PC-3 cells. Stable CEBPD-inducible cells were incubated with 100 *μ*M ZnSO~4~ and total lysates were harvested at the indicated time for western blot analysis with the indicated antibodies. (**c**) CEBPD contributes to *CASP8* reporter activity. The *CASP8* reporters were independently co-transfected with CEBPD expression vectors in LNCaP or PC-3 cells. After 16 h of transfection, the cell lysates were harvested for a luciferase assay. The diagram represents the putative CEBPD-binding sites in the *CASP8* promoter region. Columns, the average of three independent measurements in duplicate; bars, mean±S.D. (\**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001, NS: no significance; Student\'s *t*-test). (**d**) *In vivo* binding of CEBPD to the *CASP8* promoter. The scheme of the 5′-flanking regions of the *CASP8* gene and the location of primers designed for PCR (right panel). Two independent experiments were conducted and showed a similar pattern](cddis2014106f4){#fig4}

![Cooperative effects of the combination treatment of CEBPD and granzyme B in PC3 and LNCaP cells. (**a**) Scheme of the protease-activated fusion protein. The diagram illustrates the design of the prodrugs PF-CEBPD and PF-granzyme B. PF can form a pore structure at the cell membrane and the protease substrates (PSA, HSSKLQ; MMP2, GPLGVR) can be cleaved by the proteases PSA or MMP2. Once the proteases act, the relaxed CEBPD or granzyme B can enter the cancer cell through the pore formed by PF. L: leader sequence of a murine Ig kappa chain. Myc: c-myc epitope. His: 6x histidine tag. (**b**) The detection of prodrugs in the supernatant of stably expressing PF-CEBPD and PF-granzyme B 3T3 cells. To generate stable cell lines, all plasmids were co-transfected with pVSVG in GP2-293 cells (Clontech, BD Biosciences, Taiwan) to produce recombinant retroviral particles. After 48 h of transfection, the culture medium was mixed with 8 *μ*g/ml polybrene and added to 3T3 cells. Permanent cells were selected with 0.1 mg/ml Hygromycin B and sorted for high surface expression to produce stable cells. The expression of protease-specific fusion proteins (PSA-CD, PSA-GB, MMP2-CD and MMP2-GB) in 3T3 cells was detected by western blot analysis using an anti-c-myc antibody. (**c**) The combination of prodrugs of granzyme B and CEBPD enhances CASP8 and CASP3 cleavage. LNCaP cells or PC3 cells were plated in serum-free medium in microtiter plates. After 48 h, the LNCaP cells were treated with the culture supernatants of PSA-GB, PSA-CD or a mixture of PSA-GB and PSA-CD. PC3 cells were treated with the supernatants of MMP2-GB, MMP2-CD or mixture of MMP2-GB and MMP2-CD in triplicate. The cellular activity of CASP8 or CASP3 was measured via the Caspase-Glo 8 or Caspase-Glo 3 Assay Systems. Columns, the average of three independent measurements in triplicate; bars, mean±S.D. (\*\*\**P*\<0.001; Student\'s *t*-test). (**d**) The combination of prodrugs of granzyme B and CEBPD represses PrCa cell proliferation. LNCaP cells were treated with the culture supernatants of PSA-GB, PSA-CD or a mixture of PSA-GB and PSA-CD. PC3 cells were treated with the culture supernatants of MMP2-GB, MMP2-CD or mixture of PSA-GB and PSA-CD. The cell viability was determined using the ATPlite kit (Perkin-Elmer, Waltham, MA, USA). Columns, the average of three independent measurements in triplicate; bars, mean±S.D. (\*\*\**P*\<0.001; Student\'s *t*-test)](cddis2014106f5){#fig5}

###### Associations between E2F1, EZH2, SUZ12 and CEBPD expression levels with important clinicopathologic variables in two independent data sets

  **Associations between E2F1, EZH2, SUZ12 and CEBPD expression levels and clinical variables in 80 prostate cancers and paired non-tumor tissues**                                                                                                                                                                                               
  --------------------------------------------------------------------------------------------------------------------------------------------------- --------------- ---- ------------- ------------------------------------ ------------- ------------------------------------ ------------- ------------------------------------ ------------- ------------------------------------
  Tissue type                                                                                                                                            Non-tumor    80   130.6±17.27   \<0.001[a](#t1-fn2){ref-type="fn"}   144.5±22.59   \<0.001[a](#t1-fn2){ref-type="fn"}   122.9±11.13   \<0.001[a](#t1-fn2){ref-type="fn"}   323.3±25.37   \<0.001[a](#t1-fn2){ref-type="fn"}
                                                                                                                                                           Tumor      80   225.9±41.34                                        258.8±38.89                                        228.9±44.59                                        206.9±51.01    
  Tumor stage                                                                                                                                          Stages I--IIA  19   199.0±26.49   0.002[a](#t1-fn2){ref-type="fn"}     226.1±27.01   \<0.001[a](#t1-fn2){ref-type="fn"}   193.4±16.75   \<0.001[a](#t1-fn2){ref-type="fn"}   270.3±42.34   \<0.001[a](#t1-fn2){ref-type="fn"}
                                                                                                                                                         Stage≥IIB    61   234.3±41.69                                        268.9±36.45                                        240.0±44.82                                        187.1±34.92    
                                                                                                                                                                                                                                                                                                                                                   

  **Associations between E2F1, EZH2, SUZ12 and CEBPD expression levels and tumor metastasis in 15 pairs of primary and metastatic prostate cancers**                                                                                                                                                                                          
  ---------------------------------------------------------------------------------------------------------------------------------------------------- ------------ ---- ------------- ------------------------------------ ------------- ---------------------------------- ------------- ------------------------------------ ------------- ------------------------------------
  Tumor status                                                                                                                                           Primary    15   272.7±30.81   \<0.001[a](#t1-fn2){ref-type="fn"}   271.3±36.47   0.002[a](#t1-fn2){ref-type="fn"}   293.0±16.78   \<0.001[a](#t1-fn2){ref-type="fn"}   267.3±39.68   \<0.001[a](#t1-fn2){ref-type="fn"}
                                                                                                                                                        Metastatic  15   329.3±35.25                                        310.3±24.96                                      335.7±24.56                                        167.0±23.28    

Mann--Whitney *U-*test

Statistically significant

###### Associations between E2F1, EZH2, SUZ12 and CEBPD expression levels in 80 primary localized prostate cancers

  **Parameters**    **E2F1 LI**  **EZH2 LI**                           **SUZ12 LI**                                                    
  ---------------- ------------- ------------------------------------ -------------- ------------------------------------ ------------ ------------------------------------
  EZH2 LI            *r*=0.292   0.009[a](#t2-fn2){ref-type="fn"}          ---                       ---                      ---                      ---
  SUZ12 LI           *r*=0.467   \<0.001[a](#t2-fn2){ref-type="fn"}     *r*=0.416     \<0.001[a](#t2-fn2){ref-type="fn"}      ---                      ---
  CEBPD LI          *r*=−0.339   0.002[a](#t2-fn2){ref-type="fn"}       *r*=−0.317    \<0.001[a](#t2-fn2){ref-type="fn"}   *r*=−0.284   \<0.001[a](#t2-fn2){ref-type="fn"}

Pearson\'s correlation coefficient test

Statistically significant
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